Cone photoreceptors are the critical first cells that mediate high acuity vision. Despite their importance and their potential use as cell-based therapies for retinal diseases, there is a lack of knowledge about the early developmental stages of these cells. Here we characterize the expression of the homeobox transcription factor Lhx4 as an early and enriched cone photoreceptor expressed gene in both chicken and mouse. A Lhx4 GFP reporter mouse was found to recapitulate this early cone photoreceptor expression and was used to purify and profile embryonic mouse cone photoreceptors by single cell RNA sequencing. This enrichment in cone photoreceptors allowed for the robust identification of genes associated with the early cone transcriptome and also identified subpopulations of cones. To identify early cone genes not previously identified through analysis of the cone transcriptional repressor Nrl, the dataset generated here was filtered through previously reported datasets of Nrl dysregulated genes and early rod photoreceptors. The resulting set of genes was compared to other datasets if early human cones, late embryonic cones, and adult photoreceptors to generate a set of cone photoreceptor-enriched genes that are not regulated by Nrl.
INTRODUCTION
Cone and rod photoreceptors are the photosensitive cells of the retina that contribute to image formation. Cones mediate color discrimination while rods provide photosensitivity in low-light conditions. Given the importance of cones in high acuity and color vision, deficiency in this cell type as a result of conditions such as retinitis pigmentosa or macular degeneration, lead to a debilitating loss of vision (Mitchell and Bradley, 2006) . Because of their critical role, photoreceptors are currently the focus of a NIH-directed effort targeting the possibility of regeneration and replacement. As such, it is imperative that more is known about the required developmental steps in photoreceptor production and that new tools for this purpose are identified to produce essential developmental benchmarks for proper regeneration efforts.
While much is known about photoreceptors in the adult, we are still far from a complete picture during development, especially in the earlier stages of cell determination. Currently, only a few transcription factors have been shown to be part of gene regulatory networks that determines the fate of a cell into a photoreceptor. Most is known about rod photoreceptors, which are currently thought to be largely determined by NRL, or Neural Retina Leucine Zipper, the earliest and most upstream gene known in rod photoreceptor determination in mammals (Swaroop et al., 1992 (Swaroop et al., , 2010 .
The regulation of cone production hasn't been as fully explored, but certain factors, such as retinoid x receptor gamma (RXRG) (Hoover et al., 1998) 
and, Thyroid Hormone
Receptor Beta (THRB), are known to be involved. The THRB gene, for example, is crucial for the production of M cones and has also been proposed to be the earliest specific marker for cone photoreceptors in the developing retina (Applebury et al., 2007; Eldred et al., 2018; Ng et al., 2001) . The identification of markers such as these is critical because a temporal progression of specific factors is usually required for proper cell differentiation and, to assess true regeneration, it will be necessary to evaluate whether this temporal progression is recapitulated.
Thus, there is a requirement for new tools for the purpose of delineating cone photoreceptor development. One study has identified a reporter for postmitotic cone photoreceptors during development and adulthood (Smiley et al., 2016) based on a gene trap insertion of EGFP into the CCDC136 gene. However, this reporter seems to covary with S-opsin expression thus not labeling all cones, though quantification of cone expression is lacking during development as well as in the adult. In addition, the reporter is also active in bipolar cells (BCs) in the adult. Thus, there is a need for the development and validation of genetic tools to study cone photoreceptors, including the identification of new specific markers for cones.
With the advent of high-throughput sequencing, finding specific markers for a population is now more practical, as long as one is able to identify and sequence the correct cells. As markers may be expressed at different timepoints, it becomes a question of using the correct markers for the appropriate time. One of the earliest reported retinal populations that is biased to cone photoreceptor and horizontal cells (HCs) is identified by the activity of the ThrbCRM1 enhancer (Emerson et al., 2013) . While this is a dividing progenitor population, it has limited mitotic potential and cell fate choices in its lineage, including cone photoreceptors. The transcriptome of these cells was highly enriched in known cone and HC markers, which suggested this dataset could serve as a source of novel cone-related genes in early chick development.
With this in mind, we set out to find highly enriched novel transcription factors in the ThrbCRM1 population and, consequently, in cones. We identified the Lim Homeobox Protein 4 (LHX4) gene as enriched in cones during early chick retinal development, in addition to BCs. In the mouse, LHX4 remains a reliable marker for cones during early retinal development but with expanded expression in late embryonic development and eventual expression in BCs. A LHX4::GFP BAC transgenic line (Heintz, 2004) recapitulates the same pattern of expression as the endogenous LHX4 protein and was used to generate a single cell dataset enriched in cone photoreceptors, which provides an in-depth look at the molecular profile of these cells in the earliest stages of differentiation in the mouse.
RESULTS

LHX4 is present in early cone photoreceptors in the chicken retina
A recent study examined the transcriptional profile of a class of restricted progenitors biased towards the cone and horizontal cell fate in the early chick retina . Using the same dataset, we screened for potential coneenriched transcripts that could play a role in development or serve as markers for early cones. After establishing a criterion for >1.5-fold change score between our populations, we selected for transcription factors enriched in the cone/HC progenitor population (Fig 1   A) . Expectedly, many of the transcription factors that are important for this population, like OTX2, OC1 and THRB, are part of this group . In addition, we identified the gene LIM homeobox 4 (LHX4) as highly enriched. This transcript has significant fold change (b = 3.3) and a very low number of reads in the other RPC population, which suggests that it has high specificity towards the cone/HC progenitor population (Fig 1 B) .
Interestingly, a previous report has examined the presence of LIM-domain factors in early chick photoreceptor development in the chick (Fischer et al., 2008) . Antibody staining of LHX3 suggested that this protein was abundantly present in in the apical portion of the retina and localized to photoreceptors once the ONL is clearly distinguished.
Because our data indicates that LHX4 expression is prominent in cone progenitors at early stages while LHX3 transcript presence is marginal (Supp. Fig. 1 A) , we suspected that these previous studies might be detecting LHX4 at the earlier timepoints. To test this hypothesis, we electroporated a CAG::mLHX4 plasmid alongside a CAG::nucB-gal construct into the chick E6 retina, cultured it for 2 days, and detected for LHX4 using the LHX3 Developmental Studies Hybridoma Bank (DSHB) antibody. As predicted, we observed robust immunoreactivity of Bgal+ electroporated cells with the LHX3 antibody (Supp. Fig. 1 B) , suggesting that this antibody is also capable of detecting mouse LHX4, and thus likely chicken Lhx4 as well.
With the use of this LHX3/4 antibody and a rabbit polyclonal antibody, we confirmed LHX4 presence during embryonic development of chick at E6 and E10.
Expression at E6 is restricted to the scleral portion of the retina, where photoreceptors are located. As the LHX4 transcript was highly enriched in cone/HC progenitors, which were collected through use of a cis-regulatory region that requires OTX2 for activity, we expected LHX4 to be present predominantly in the OTX2+ population at E6. Indeed, LHX4 is detected in a large percentage (but not all) of OTX2-positive cells ( Fig. 1 C) .
At this developmental time point, the major class of photoreceptors that are being produced are cones, as the earliest known rd photoreceptor marker in the chicken retina, L-Maf, is not detected until E9 (Ochi et al., 2004) . As the LHX4 pattern at this stage is localized in the apical portion of the retina, we examined LHX4+ cells for co-expression with the cone marker RXRG. Many of the most apically located LHX4 cells were indeed positive for RXRG ( Fig. 1 C) .
It is unclear to what extent and in which cells LHX3, LHX4 or both proteins are present in later timepoints, especially at the stage of developing BCs. In one report (Fischer et al., 2008) , antibody staining using DSHB anti-LHX3 shows strong nuclear Outer Nuclear Layer (ONL) signal at E10.
At this timepoint the ONL is exclusively composed of photoreceptors, having stratified from the Inner Nuclear Layer (INL), where BCs, HCs, Amacrine Cells, and Muller Glia are located. In contrast to their antibody staining, a RNA in situ hybridization at E12
shows that LHX3 transcript is detected strongly in the INL, but with only distal signal in the ONL along the edge of the section, which could potentially be background signal.
Our data is in agreement with the immunostaining, as we detect signal in the ONL with the LHX3 antibody. However, the rabbit anti-LHX4 antibody (Proteintech) detects a similar pattern with strikingly strong signal in the ONL and weaker in the INL (Suppl. Fig.   1 C) . The absence of LHX3 transcript taken together with the cross-labeling of LHX4 by the DSHB anti-LHX3 antibody, suggests that LHX4 and not LHX3 is present in chicken photoreceptors, while both are likely present in developing BCs, as described in previous reports.
Thus, at E10, LHX4 (or LHX3) is strongly expressed in the cells located in the basal portion of the ONL with weaker expression in more apically located photoreceptor cells and in the INL (Fig 1 D,E ). As mentioned, those cells positive in the INL are likely BCs, as one of the previous reports showed immunoreactivity to VSX2 at this stage in the majority of INL LHX3/4 positive cells, using the mouse DSHB antibody (Edqvist et al., 2009) .
When compared to RAXL expression, a marker for cone photoreceptors (Ochi et al., 2004) , all RAXL-positive cells were also positive for LHX4 (Fig 1 D) . A smaller percentage of cells in the upper part of the ONL were not RAXL-positive. As the ONL contains both cones and rods, we used an antibody to MAFA (Benkhelifa et al., 2001; Ochi et al., 2004) , the earliest dedicated rod marker, to determine if these cells were rod photoreceptors. No overlap between MAFA and LHX4 was detected at E10 in the ONL (Fig 1 E) . This data confirms the presence of LHX4 in developing cone photoreceptors in the chicken retina.
LHX4 is present in early cone photoreceptors in the mouse retina
While the transcriptome and LHX4 immunostaining analyses were performed in chick, we sought to establish if this protein was also present in early photoreceptors of the mouse retina. At E14.5, we found that LHX4 is present in the scleral portion of the retina, where developing photoreceptors are located (Fig 2 A) . To confirm that LHX4 was present in cone photoreceptors, we used RXRG to mark early cone precursors and OTX2 to label restricted progenitors. A large percentage of the population of LHX4 cells are also positive for RXRG and OTX2 at E14.5, in a similar pattern to the chick retina.
Because RXRG is currently the most dedicated marker for early cones, we determined the overlap with LHX4 protein expression. At E14.5, we find that 91.1+-1.9% of cells positive for LHX4 are also positive for RXRG (Fig 2 B) , signifying that the majority of the LHX4+ population at this timepoint is composed of early cones. In fact, nearly all cells positive for RXRG at E14.5 are also positive for LHX4 (99+-1%, Fig 2 C) .
When examined at a later embryonic stage (E17.5) we found that LHX4 cells still colocalize with RXRG protein but at a lower percentage, while LHX4 cells remain positive for OTX2 (Fig 2 A) . At this timepoint, only 67.8+-1.1% of LHX4+ cells are positive for RXRG, suggesting that LHX4 is active in other emerging cell populations in addition to early cones (Fig 2 B) .
These data indicate that the majority of cones retain LHX4 expression during development, as 95.1+-1% of RXRG+ cells are positive for LHX4 at e17.5. The rb-LHX4 polyclonal antibody had a reduced quality of staining at this timepoint, so it's possible the small fraction of cones that are not LHX4+ had undetectable LHX4 signal under these conditions or could point to a small subpopulation of cones that do not express LHX4 or cells that have downregulated this protein (Fig 2 C ).
Additionally, we tested if LHX4 was present in post-mitotic cone photoreceptors or in dividing cells. E14.5 retinas exposed to a 2hr EdU pulse showed no overlap between EdU and LHX4 or RXRG (Supp. Fig. 2 ), which is consistent with LHX4 expression beginning after cell cycle exit.
We conclude that LHX4 is a relatively specific marker for post-mitotic cone photoreceptors at early stages in the mouse retina but is also present in other cell populations at later developmental stages.
LHX4 is expressed in several developing and adult cell types.
Previous reports indicate that LHX4 protein is present in adult cone BCs (Balasubramanian et al., 2014) , although little is known about its expression pattern in the developing mouse retina. Our results are in agreement with the adult data, as we observed strong LHX4 labeling in the upper portion of the INL in cells positive for OTX2, an adult marker for BCs (Supp. Fig. 3 ). Interestingly, we also noticed sparse but positive staining in the ONL. This LHX4 signal is located in some but not all RXRG+ cones with varying degrees of strength (Supp. Fig. 3 ).
As noted above, previous reports (Edqvist et al., 2009; Fischer et al., 2008) suggest that in the chick retina, LHX4+ cells in the INL are likely developing BCs. In the mouse, our data indicates that LHX4 is initially in developing cones. However, at E17.5, RXRG cones no longer represent the near totality of LHX4+ cells. Since the peak of BCs production is not seen until ~P3 (Morrow et al., 2008) , the identity of the remaining cells remains intriguing. While BCs are produced at earlier timepoints (including E17.5), we still sought to ascertain if only LHX4+ BCs were being produced at this time, or if this LHX4 expression is present in another cell type. As rods are the most common cell type in the mouse retina and are also produced at this timepoint, we aimed to see if these cells expressed LHX4 during development.
Newborn mice (P0) were injected with EdU to mark cells undergoing S-phase at the time of injection and 3 days later the retinas were harvested. This length of time was chosen to allow some newly produced rods enough time to produce NR2E3, a well-known marker for rod fate (Cheng et al., 2004) . It has been previously suggested before that NR2E3 is also present in cone photoreceptors transiently (Chen et al., 2005; Haider et al., 2006; Jean-Charles et al., 2018) , but as other many reports indicate (Carter-Dawson and Lavail, 1979) , no cones are produced at P0. Therefore, the presence of EdU and NR2E3 simultaneously should reliably mark other cell types than cones, likely rod photoreceptors. NR2E3 expression has not been reported in BCs but given the similarities in molecular profiles between BCs and photoreceptors, at this time we cannot exclude this possibility.
When detecting for LHX4 at the same time, we find LHX4+ cells that are positive for NR2E3 and EdU (Fig 2 D) . This indicates that while LHX4 is present in developing and adult BCs and cones, it is also possible that is transiently expressed in some rod photoreceptors.
LHX4 BAC-GFP transgenic line has GFP activity in photoreceptors during development.
After confirming the presence of LHX4 in developing photoreceptors, specifically cones at the peak of this cell type's birth, in chick and mouse, we set out to establish if the a previously reported LHX4 BAC-EGFP line (Heintz, 2004) could be a reliable tracer for developing cones early in development. We found that the LHX4::GFP line had robust expression in the retina throughout development (Fig 3 A) . The detected GFP signal was located in the apical section of the retina, where photoreceptors are located during development.
EGFP could be detected during embryonic and postnatal development and also had stable expression in the adult retina (Supp. Fig. 4 ). This line has been used previously for transcriptomic and electrophysiological analyses (Siegert et al., 2012; Szikra et al., 2011) , because it shows reliable activity in cone BCs. Interestingly, a subpopulation of cones is labeled by this line in the adult and this selective expression resembles the sparse presence of LHX4 protein in the adult mouse retina. In order to verify if this sparse labeling was due to LHX4 presence in exclusively S or L/M types of cones, which are located in contrasting gradients in the adult retina, we assessed EGFP expression in the dorsal and ventral retina. We detected no difference in EGFP expression between these two areas, while the EGFP remains in a subset of all Cone Arrestin+ cells throughout the retina (Supp. Fig 5) .
We were unable to use the rabbit anti-LHX4 antibody to validate the LHX4::GFP expression as we encountered abnormal detection of LHX4 immunoreactivity in any tissue coming from this line; not nuclear, as expected, but cytoplasmic, mimicking exactly the EGFP expression pattern. As noted in the strain description, EGFP was placed after the ATG of LHX4, to replace the LHX4 coding region and function as a tracer. To examine the genetic insertion on the LHX4::GFP BAC, we amplified and sequenced the coding region downstream of the LHX4 ATG using the reported UTR primer used for genotyping and, surprisingly, we found it contained a 70 bp section of 5' endogenous LHX4 coding sequence immediately followed by a multiple cloning site and the EGFP coding sequence, all in frame to produce a viable LHX4::GFP fusion protein, where the first 34 amino acids are from the sequence of LHX4 and the multiple cloning site (Supp. Fig. 6 A) .
To test if this portion of LHX4 was sufficient to produce an epitope for the antibody, we amplified the coding sequence from the LHX4::GFP genomic DNA and cloned it into a misexpression vector and then electroporated into the chick retina (Supp. Fig. 6 B-D).
Control retinas had no detectable EGFP and normal staining of LHX4 with the rabbit antibody (Supp. Fig. 6 B) . When the CAG::5pLHX4GFP construct was electroporated, electroporated cells were strongly immunoreactive cytoplasmic LHX4, in a pattern that completely overlapped that of the cytomplasmic EGFP signal (Supp. Fig. 6 C) . To show that the rabbit-LHX4 is still detecting endogenous LHX4, we also imaged the same retinas at the edge of the electroporation patch with higher gain, which shows endogenous protein expression alongside overexposed electroporation signal (Supp. Fig. 6 D) .
Therefore, to assess if EGFP recapitulates LHX4 expression patterns and its activity in early cones, we resorted to checking for RXRG expression in EGFP+ cells at two relevant timepoints of embryonic development. At E14.5, the EGFP reporter faithfully recapitulates LHX4 expression as 95.3+-1% of all EGFP+ cells are positive for RXRG (Fig 3 C) . Likewise, at E17.5 only 65.7+-1.3% of EGFP cells are RXRG+.
As our data shows, nearly all RXRG+ cones are positive for LHX4 at both E14.5 and E17.5. This is also true in the EGFP+ population, where 94.8+-0.5% and 99.5+-0.5% of all RXRG cells, respectively, were positive for the EGFP reporter (Fig 3 D) . Taken together, this data suggests that the LHX4 BAC-EGFP reliable recapitulates LHX4 protein expression and is a dependable marker for cone photoreceptors during early retinal development.
Single cell sequencing of LHX4::GFP cells in the E14.5 developing mouse retina.
Having verified that the LHX4::GFP reporter is a marker for cone photoreceptors in the early stages of mouse retinal development, we took advantage of this system to examine more closely the molecular profile of early cone photoreceptors. LHX4::GFP E14.5 littermates were screened for GFP expression and positive retinas were pooled and dissociated in preparation for FACS sorting (Fig 4 A) . GFP+ and GFP-cells were collected and approx. 4000 cells were sequenced per condition in the 10x Chromium platform.
Using the Seurat program (Satija et al., 2015) , we performed an unsupervised clustering analysis on the combined cell transcriptomes from both conditions that passed standard 10x QC (GFP+: 3728, GFP-:4444). TSNE projections revealed that the GFP+ and GFP-populations clearly segregated, consistent with LHX4::GFP cells being a molecularly distinct population (Fig 4 B) . Two cell clusters were assigned to multipotent RPCs as they showed a molecular profile of dividing retinal progenitor cells, with expression of VSX2, HES1, NR2E1, among others. When looking at known cell cycle genes, it's possible to assign a signature of a particular phase to each of the cell transcriptomes (Buettner et al., 2015) (Fig 4 E-F ). This analysis confirmed our assignment as the multipotent RPC clusters were populated by dividing cells, although each cluster has different proportion of cells at distinct phases.
The split in the clusters is also marked by the presence of some differential cell cycle markers like MKI67 and GMNN.
One other cluster was comprised entirely of cycling cells, exhibiting markers such as OLIG2, NEUROG2, OTX2 and ATOH7, which identify neurogenic RPCs (Cepko, 2014; Clark et al., 2018) as these markers in cycling cells indicate restricted RPCs close to their final division. A second cluster had a fraction of cycling cells, high ATOH7 levels and expression of POU4F2, but no OTX2 or OLIG2, which we assigned to RGC/AC RPCs and Precursors as they exhibit some markers of likely differentiation to RGCs or ACs.
Of the cell clusters assigned as mostly post-mitotic, one was assigned as RGCs as it displayed known markers RBPMS and GAP43. Another cluster assigned was AC/HCs exhibited markers for both these fates, like TFAP2B and PTF1A. As previously reported (Clark et al., 2018) , while ACs and HCs are distinct fates, it is difficult to separate them by their transcriptomes in early development and without an appropriate amount of sequenced cells for proper resolution.
Three clusters were assigned as cone photoreceptors. As expected from our previous data, these consisted of the near totality of GFP cells and exhibit markers of cone photoreceptors: THRB, RXRG, GNGT2 and GNB3 (Fig 4 C-D) , as well as LHX4.
The cell cycle phase of these clusters is consistent with our previous data suggesting LHX4 is in post-mitotic cones. As a result of our sorting strategy, we enriched for cone photoreceptor transcriptomes, which allowed the clustering analysis to separate these cells into subpopulations. While all cone clusters had high levels of established markers, two subpopulations differed in expression of novel genes. The highest differential marker for one of the populations was FABP7, a previously characterized marker for cones in the adult murine retina (Su et al., 2016) with reported expression in the developing retina (Blackshaw et al., 2004) but not at this early stage. Meanwhile, a second subpopulation had increased levels of solute-carrier genes like SLC7A3 and SLC7A5 (Fig 4 C) . Our analysis indicates that we successfully sorted and sequenced a developing E14.5 retina and identified its cell populations while enriching for cone photoreceptors.
Early cone marker identification in LHX4::GFP cells
Having obtained the LHX4::GFP+ and GFP-transcriptomes, we sought to use this dataset to find new markers for early cone photoreceptors. Using the Seurat package, we performed a differential expression analysis, comparing the GFP+ population, which we established as cones, with the GFP-population, which should encompass the rest of the developing retina. Additionally, for visualization purposes and as a proxy for average population levels of transcript expression we calculated the expression of an average GFP+ and a GFP-cell and used this in combination with the differential expression results. We found over 898 significantly differentially expressed transcripts. As expected, we identified known cone markers as highly enriched in the GFP+ population (Fig 5 A, Supplementary File 2). We then looked for novel transcripts enriched in this population (Fig 5 B) . A heatmap for the top 100 cone-enriched transcripts displaying the transcript expression of an average cell in every individual clusters are included in Fig. 5 C..
This above analysis identifies genes that are enriched in early cone photoreceptors compared to the other cell types present at that time. We first compared these results to other studies that have reported cone transcriptome analyses in the mouse or human ( Supp Fig 7 A-B) . Only one study has reported a transcriptome from early developing cones, similar to this one (Welby et al.) . Through the use of human fetal explants infected with cone opsin promoter reporter viruses, transcriptome analysis of early and late phases of gene expression in labeled cells versus non-labeled cells was determined. A comparison to these datasets shows that a number of genes are enriched in both datasets (165 genes in early and 211 in late fetal cones), suggesting that the mouse is a potential model for investigating the function of these genes in cone photoreceptors. (Supp. Fig 7, Supp. File 3 and 4 ).
Additional datasets have purified adult rods and cones from the mouse to identify differential transcripts between these two types of photoreceptors (Mo et al., 2016) . as GNGT2 or RXRG, as well as many genes not explored in detail before, such as QSOX1 or LHX4.
We next were interested in determining whether the genes associated with early cone genesis were negatively regulated by the rod photoreceptor factor Nrl. A prevalent model for Nrl function is that it serves as a fate switch in photoreceptor precursors, with
Nrl-negative precursors becoming cones and Nrl-positive ones becoming rods. In Nrl mutants, the photoreceptors that normally would become rods are found to undergo a morphological and gene expression change that suggests a rod to cone fate switch.
However, it has been noted that these cells are morphologically distinguishable from normal cones and, in addition, known early cone genes, such as Thrb and Rxrg, are unaltered in these cells. As there has been a lack of known early cone genes, we sought to determine whether there were other cone photoreceptor genes in addition to Thrb and Rxrg with Nrl-independent regulation. We first identified those genes in our dataset that were dysregulated either positively or negatively in Nrl knockout photoreceptors. The Nrl dataset used contained multiple isoforms of genes, but to apply a stringent criteria, any isoform that showed dysregulation at either P2 or P28 in Nrl mutants led to that gene being removed, leaving a total of 259 Nrl-independent genes (Fig 6 A) . Interestingly, many of the cone-enriched genes are only enriched at P28 and not also at P2 when a large number of rods would be forming (see discussion).
As some of these genes likely represent pan-photoreceptor genes that wouldn't be expected to be under the transcriptional control of Nrl, we identified those genes also expressed in developing rods. To do so, we analyzed a recently generated single cell dataset from E18.5 whole retinas (Clark et al., 2018) . The data from 2 replicates of E18 was extracted and we performed an unbiased clustering analysis using Seurat (Satija et al., 2015) . (Supp Fig 8) . The detected 9 clusters were assigned to known cell types through marker expression. Within those, two clusters were positive for CRX+ and, thus, determined to be photoreceptors. First, all DE transcripts for photoreceptors at e18 were determined (Supp. Table 7 , Supp. Fig 8) and then these cells were re-analyzed for further sub-clustering. We were able to determine a cluster with cone signature, rod signature and 2 precursor clusters. From those, we determined all DE transcripts between photoreceptor clusters (Supp. Removal of those genes with expression in any of the non-cone clusters at e18, produced 198 Nrl-independent cone-enriched genes (Fig 6 A-B , Supp. Table 10 ). To provide some measure of confirmation of the cone/photoreceptor-associated expression of these genes, we identified those genes with cone-enriched expression or specifically enriched in cone cluster 2 that were also identified in the previously mentioned datasets (Fig 6 C ,D, Supp. Table 10 ). This left a set of genes with cone-enriched expression or specifically enriched in cone cluster 2 that have only been identified to date in this study as cone associated (Fig 6 E,F) .
DISCUSSION
Our data establishes LHX4 as a novel and specific marker of cone photoreceptors in the earliest stages of development and the LHX4 BAC-GFP mouse as a tool to detect these cells in the developing retina. The LHX4 reporter can be detected as early as E12.5
and can reliably mark post-mitotic cones, usually located in the apical side of the retina.
Cone activity remains throughout development, although at later stages of embryonic development it begins to be active transiently in rods and eventually remains active in cone bipolar cells. During early stages, the specificity for cones was confirmed by quantification of the LHX4 protein and reporter overlap with RXRG and by single-cell sequencing of these cells.
Cell type specific reporter lines are crucial for surveying and targeting specific cells.
The LHX4::GFP line has been used before for electrophysiology and transcriptomic analyses in the adult retina (Siegert et al., 2012; Szikra et al., 2011) . We show in this report that the LHX4::GFP line can also be used developmentally, particularly suited for early cone labeling and possibly a tool for exploring early post-mitotic photoreceptor or bipolar cell populations in postnatal development. The cytoplasmic localization of the GFP also allows for visualization at embryonic stages of processes in new cones projecting towards the basal retina (Fig 3-6 A) , which have been reported before (Johnson et al., 1999 (Johnson et al., , 2001 but with no known physiological function as of yet.
One previous report has established a reporter line that works specifically in cones (Smiley et al., 2016) . This line has very specific activity in developing cones through a gene trap insertion of GFP to the locus of the CCDC136 gene. Interestingly, in addition to cones, this line also shows activity in rod bipolar cells in the adult, as opposed to the LHX4::GFP line which is active in cone bipolar cells. A drawback of this line is that the activity in cones in the adult is similar to that of S-opsin and follows the same dorsalventral gradient. One advantage, however, is the activity might be specific to cones and not rods, although this isn't completely verified as there was no quantification to this effect.
In the case of the LHX4::GFP line, there is activity in cones, transiently in rods and eventually in cone bipolar cells. One clear advantage of the LHX4::GFP line is that all There are a few drawbacks to the LHX4 reporter line, such as the relatively weak strength of the reporter. This might be of importance depending on the intended application, as it may affect approaches such as in vivo imaging, although it is more than sufficient for FACs sorting. These mice were maintained and analyzed as heterozygotes, as the insertion point for the BAC construct is unknown, in order to prevent any unintended genetic disruption. If processed as homozygous, the relative strength of the reporter may be increased, but care should be taken to check for abnormalities.
A second drawback is the interesting phenotype of the sparse labeling of cones in the adult LHX4::GFP mouse. We verified that this phenotype does not follow a dorsalventral gradient, as it does in the CCDC136 mouse. This makes it less than adequate for adult identification of cones, but, at the same time, may be indicative of a subpopulation
of cones yet to be described.
Our data therefore indicated that the LHX4::GFP line was particularly suited for the collection and sequencing of early cone precursors. It allowed for collection of all post-mitotic cones at E14.5 in quantities that would not be practically possible from wildtype retinas. The number of usable cone transcriptomes recovered from this experiment (3728 cells after QC) provides enough power to recognize subgroups in a large population of developing cones which might not have been resolved otherwise. All cones are still marked by known markers such as RXRG and THRB, but certain cones upregulate novel genes that have not been reported before at this time point.
One distinct cluster upregulates the SLC7A3 and SLC7A5 genes. SLC7A5 is a known thyroid hormone transporter for its T3/T4 states (Scalise et al., 2018) that has been reported in human fetal retinas and organoids (Eldred et al., 2018; Hoshino et al., 2017) .
Because these transcriptomic analyses were done in whole retinas it wasn't clear if this expression was specific to any particular cell population, but our data suggests that mouse cone photoreceptors specifically express these genes. SLC7A3 has not been reported in the retina but likely plays a similar role as its expression has been linked to T3 administration in the brain (Grijota-Martínez et al., 2011) . Thyroid hormone and its targets are known to affect M-cone differentiation (Applebury et al., 2007; Billings et al., 2010; Eldred et al., 2018; Ng et al., 2001 Ng et al., , 2009 . We found several other thyroid-related genes throughout the retina, but only THRB was exclusive to cones at this time. For example, there was almost no detectable amount of DIO2 in any cell but many more counts of DIO3, although these were present in the multipotent RPC clusters.
Some of the other markers in this cluster such as ATF3 and CHAC1 have been reportedly associated with retinal damage and apoptosis (Crawford et al., 2015) . Since we collected a large amount of a presumably very homogenous population, having passed through dissociation and FACS sorting, it would not be abnormal to have a fraction of cells that have upregulated apoptotic or stress markers that can be identified as a different population by clustering algorithms. Since ATF3 is present in the retina during development (Aldiri et al., 2017) , confirming the presence of these transcripts in the photoreceptor layer through in situ hybridizations at E14.5, without dissociation, would be advantageous to verify if they are normally expressed in cones or only as a stress reaction.
Exclusive markers between the other two cone clusters were few, the likeliest explanation being that these clusters differentiate in the quantity of transcripts associated with them rather than the presence of exclusive markers. One of the exclusive markers for one cluster was FABP7, which has been reported in the adult murine retina.
Interestingly, in situ hybridizations for this gene at E14 did not produce any detectable signal (Blackshaw et al., 2004) , but this could be due to different sensitivities between techniques. What differential presence of this transcript entails for cone photoreceptors is still unknown and might require more detailed loss and gain-of-function studies.
The last cone cluster contained the vast majority of cones and, accordingly, different fractions of these cells shared most markers with the other cone clusters. One marker that separated this cluster from the FABP7 cluster is the NFIB gene. This gene and its family members have been recently implicated in regulation of BC and MG specification (Clark et al., 2018) but is also detected in photoreceptor precursors, which presumably includes cones, in their dataset and in the present work.
Materials & Methods
Animals
All experimental procedures were carried out in accordance with the City College of New York, CUNY animal care protocols under IACUC protocol 965. CD-1 mice were used and provided by Charles River. LHX4::GFP strain (strain: Tg(Lhx4-EGFP)KN199Gsat/Mmucd, RRID:MMRRC_030699-UCD) were obtained from MMRRC.
LHX4::GFP mice were kept and used experimentally only as a heterozygous. Fertilized chick eggs were from Charles River, stored in a 16°C room for 0-10 days and incubated in a 38°C humidified incubator. All experiments that used animals were not sex-biased.
Genotyping
Genotyping was performed as specified per strain in the MMRRC strain description page referenced.
Cloning and DNA electroporation
Misexpression plasmids were created by PCR amplifying the coding sequence for each gene with added AgeI/NheI or EcorI sites. They were subsequently cloned into a CAG backbone, from which the GFP had been removed from Stagia3 (Billings et al., 2010; Emerson and Cepko, 2011) and the CAG promoter had been cloned upstream. For mouse LHX4 the primers were designed against the annotated mRNAs in NCBI galgal5
RNA libraries and with an added Kozak sequence 5' (ACC). For 5pLHX4GFP, the 5' primer from genotyping for LHX4::GFP mice was combined with a 3' primer to coding region of GFP and the fusion gene was amplified from genomic DNA extracted from LHX4::GFP+ mice.
To deliver the plasmids after retinal dissection, ex vivo electroporation experiments were carried out as detailed in (Emerson and Cepko, 2011) . All experiments used a Nepagene electroporator. Ex vivo retinas were cultured 24 hours on all experiments. The DNA mixtures used for the ex vivo electroporations were diluted in sterile 1X PBS to a final concentration of 0.16 µg/µl for reporter plasmids and 0.1 µg/µl for the coelectroporation control plasmids and misexpression plasmids.
Retinal cells dissociations and Florescence Activated Flow Sorting (FACS)
Retinal pigment epithelium and vitreal material was removed from the retinae in HBSS (GIBCO, 14170112) and dissociated using a papain-based procedure (Worthington, L5003126) (Matsuda and Cepko, 2004) . Samples were dissociated and resuspended in DMEM/10%FBS for sorting and cells were also collected in DMEM/10%FBS. Dissociated cells were collected separately into FACS tubes (BD Falcon, 352054) upon being filtered through 40µm cell strainers to ensure suspension of individual cells (Biologix, 15-1040) . Fluorescent activated cell sorting (FACS) for GFPbased sorting was carried out with a BD FACS Aria II machine, using the 488nm laser for LHX4-eGFP detection.
Immunohistochemistry and EdU labeling
Retinae processed for immunohistochemistry were fixed in 4% paraformaldehyde for 30 minutes at room temperature, sunk in 30% sucrose/0.5X PBS and then snap-frozen in OCT (Sakura Tissue-Tek, 4583). 20 µm vertical sections were obtained using a Leica
Cryostat.
All immunofluorescence experiments were performed as in Emerson and Cepko, blocking solution, the slides were incubated at 4°C overnight with a mix of the primary antibodies, 5% serum and 0.1% Tween. Secondary antibodies appropriate for multiple labeling were from Jackson ImmunoResearch. Alexa 488 and 647 conjugated secondary antibodies were used at 1:400 and Cy3 at 1:250. A solution of 1:10,000 DAPI was applied on sections prior to 3 final washes of 15 minutes at room temperature in 1X PBT and slides were mounted in Fluoromount (Southern Biotech, 0100-01) with 34x60mm cover slips (VWR, 48393 106).
For E14.5 mouse retinas, EdU labeling was performed by injecting pregnant dams with 150ul of 10mM EdU resuspended in 1X PBS. EdU detection was performed with a Click-iT EdU Alexa Fluor 647 imaging or flow cytometry kit (C10340, Invitrogen).
Microscopy
Confocal images were acquired using a Zeiss LSM880 confocal microscope using ZEN Black 2015 2.1 SP2 software and images were converted into picture format using the FIJI version of ImageJ (Schindelin et al., 2012) . Figures were assembled using Affinity Designer vector editor. Images were adjusted uniformly with regards to brightness and contrast.
10X single cell experiment
Live cells were collected as mentioned previously. Samples were extracted from 2 litters of E14.5 LHX4::GFP mice, pooled into one sorting solution during dissociation. For each sample (GFP+ and GFP-), approx. 4000 cells were individually lysed, and their RNA transcribed and sequenced. Filtered count matrixes provided by 10X Cell Ranger pipeline using mm10 genome were used for downstream analysis.
Single-cell clustering analysis
Unsupervised clustering analysis was performed using Seurat (Butler et al., 2018; Satija et al., 2015) . Single cell transcriptomes from both LHX4::GFP E14.5 samples were analyzed in concert to produce cluster and TSNE analysis. Only cells with over 200 genes detected and only genes detected in >3 cells were used for analysis. Cell cycle was scored and was regressed out as an unwanted source of variation according to Seurat's guidelines (Buettner et al., 2015) .
Data comparisons
For the comparison of retinal datasets, differential expression output data was obtained from each report (Kim et al., 2016; Mo et al., 2016; Welby et al.) . The data was cross-referenced to the genes obtained in the analysis from this paper and are detailed in Supp. Files 3, 4, 5 and 6. In the case of Kim et al, 2016 , genes are reported with PPDE as opposed to p-val-FDR or q-val as probability of differential expression, and were filtered to show only those with PPDE>0.95
Data availability
The data will be deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and will be accessible through GEO Series accession number GSExxxxxx.
Quantitative analysis of markers in retina sections
One z-stack from the central portion of each retina of four biological replicates was counted and used for mean and SEM calculations in each condition. Cells were counted using Cell Counter plugin in ImageJ or Fiji (Schindelin et al., 2012; Schneider et al., 2012) . Cross-section of a E14.5 mouse retina, developed for EdU (2hr pulse) and imaged for LHX4 and RXRG. Small panels are digitally zoomed. Arrow points at representative EdU cell negative for LHX4 and RXRG Scale bar represents 50 μm .
